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Major Molecular Differences between Mammalian Sexes
Are Involved in Drug Metabolism and Renal Function
the extent this occurs in other tissues has not been fully
investigated in a comprehensive manner. Moreover, it
remains to be determined what other types of genes
John L. Rinn,1,3,* Joel S. Rozowsky,1,3
Ian J. Laurenzi,1 Petur H. Petersen,2
Kaiyong Zou,2 Weimin Zhong,2
Mark Gerstein,1 Michael Snyder1,2,* are differentially expressed by sex. Such information is
expected to help elucidate basic physiological differ-1Department of Molecular Biophysics
and Biochemistry ences between sexes and may provide important in-
sights into the documented sex-specific propensities2 Department of Molecular, Cellular
and Developmental Biology to diseases such as anemia, hypertension, and renal
dysfunction (Belperio and Rhew, 2004; Depner, 2003;Yale University
New Haven, Connecticut 06520 Schwartz, 2003; Thompson and Khalil, 2003).
To gain a better understanding of the molecular differ-
ences between mammalian sexes, we have utilized DNA
microarrays to identify differences in the adult male andSummary
female transcriptomes. The hypothalamus, kidney, liver,
and reproductive tissues were analyzed because of theirMany anatomical differences exist between males and
importance in control of behavior (hypothalamus), physi-females; these are manifested on a molecular level
ology (kidney and liver), and reproduction (gonads). Weby different hormonal environments. Although several
found many significant differences in gene expressionmolecular differences in adult tissues have been iden-
in the kidney, liver, and reproductive tissues. A majoritytified, a comprehensive investigation of the gene ex-
of the genes differentially expressed in the kidney andpression differences between males and females has
liver are involved in drug and steroid metabolism ornot been performed. We surveyed the expression pat-
osmotic regulation, raising important implications forterns of 13,977 mouse genes in male and female hypo-
the differential abilities of males and females to respondthalamus, kidney, liver, and reproductive tissues. Ex-
to drugs or acquire hypertension. In contrast to the livertensive differential gene expression was observed not
and kidney, very few gene expression differences wereonly in the reproductive tissues, but also in the kidney
observed in the adult male and female hypothalamus.and liver. The differentially expressed genes are in-
volved in drug and steroid metabolism, osmotic regu-
lation, or as yet unresolved cellular roles. In contrast, Results
very few molecular differences were observed be-
tween the male and female hypothalamus in both mice Surveying the Molecular Differences
and humans. We conclude that there are persistent between Sexes
differences in gene expression between adult males We have investigated patterns of gene expression in
and females. These molecular differences have impor- different tissues and sexes of isogenic Swiss Webster
tant implications for the physiological differences be- mice using DNA microarrays. Five adult mouse tissues,
tween males and females. liver, kidney, hypothalamus, ovary, and testis, were stud-
ied. For each somatic tissue, triple-selected poly-A
mRNA was prepared from six independent pools (bio-Introduction
logical replicates), three male and three female. Like-
wise, three pools were prepared from the ovary and 3Most mammals exhibit obvious phenotypic differences
between the male and female sexes, and many of the pools from the testis. Each pool of RNA was derived
from ten individuals. Furthermore, for each biologicalhormonal, chemical, and anatomical differences be-
tween males and females have been well investigated. replicate two cRNAs (technical replicates) were prepared
and independently hybridized to Affymetrix MOE430AWe expect that the hormonal and chemical differences
between males and females should ultimately result in chips, designed to monitor the expression of 13,997
unique genes and expressed sequence tags (ESTs). Wedifferential gene expression, which in turn should control
mammalian behavior and physiology. The extent to also compared expression patterns between the human
and mouse hypothalamus. In total, we probed 71 mi-which genes are differentially expressed in male and
female adult tissues has not been investigated pre- croarrays resulting in over 1,500,000 gene expression
data points.viously on a systematic level.
To date, only a relatively modest number of differ- To determine the consistency of our mouse data, we
calculated correlation coefficients (r) of both biologicalences in gene expression between sexes have been
documented, largely through the analysis of individual and technical replicates. The average correlation values
(r) of biological and technical replicates ranged fromgenes. For example, several cytochrome p450 genes
have been found to exhibit sex-specific expression in 0.96 to 0.99 across the five tissues. Thus, our data are
highly reproducible, presumably because the variationthe liver (Anderson, 2002; Tullis et al., 2003). However,
between biological samples was minimized due to the
number of individuals represented in each RNA pool.*Correspondence: john.rinn@yale.edu (J.L.R.), michael.snyder@
This data set is publicly available to the research com-yale.edu (M.S.)
3 These authors contributed equally to this work. munity via NCBI GEO (accession numbers: GSE1147,
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GSE1148) and will be available shortly via EBI-EMBL The five sex-specific genes expressed in all three tis-
sues (liver, kidney and hypothalamus) are Xist, DBY,ArrayExpress, and are included in the Supplemental
Data for this paper at http://www.developmentalcell. SMCY, Eif3ay, and Uty (Figures 4 and 5). The latter four
genes are encoded on the Y chromosome and are be-com/cgi/content/full/6/6/791/DC1.
To assess the biological accuracy of our data set, we lieved to be involved in tissue sexual dimorphisms (van
Abeelen et al., 1989). Xist is involved in X inactivationhierarchically clustered all expression values from the 48
mouse hybridizations (Figure 1). As expected, samples and is typically only expressed in females. Each of these
genes is documented to have sex-specific expressionwithin a tissue were more similar than samples from
different tissues and thus clustered accordingly. To fur- patterns and thus serve as internal controls for our ap-
proach.ther validate the biological relevance of the data set, we
identified genes that were highly expressed in one and
only one tissue (Figure 1B, Experimental Procedures). Molecular Differences between the Female
Presumably these genes demonstrating tissue-specific and Male Kidney
expression are important for the basic physiology of A total of 27 genes were found to have sex-specific
that tissue. We identified a total of 1631 genes with expression in the kidney (Figure 2). These genes primar-
tissue specific expression (Figure 1B): 152 for kidney, ily belong to three categories: (1) drug and steroid
342 for hypothalamus, 257 for liver, 104 for ovary, and metabolism, (2) osmotic regulation, and (3) uncharac-
776 for testis. As expected, genes with tissue-specific terized.
expression have functions typical of the tissue in which Nine, or one-third, of the genes with sex-specific ex-
they were expressed (hypothalamus, neurogenesis and pression in the kidney are involved in drug and ste-
synaptic transmission genes; kidney, vitamin cofactor roid metabolism. The dominant class encodes five
and sodium ion transport genes; liver, xenobiotic metab- cytochrome p450 family members, Cyp7b1, Cyp2d9,
olism and lipid transport genes; testis, spermatogenesis Cyp4a12, Cyp2e1, and Cyp2j13. Cytochrome p450s are
genes; and ovary, steroid metabolism genes). Thus, our a family of proteins important for drug metabolism. Inter-
microarray data are not only precise, but also biologi- estingly, each of the sex-specific cytochrome p450s
cally accurate. were preferentially expressed in the male kidney; in fact
the largely uncharacterized Cyp2j13 was observed to
be exclusively expressed in the male kidney. In additionSex-Specific Gene Expression
in the Somatic Tissues to genes involved in drug and steroid metabolism, we
observed sex-specific expression in three transferasesWe first examined genes with sex-specific expression
patterns in somatic tissues. We searched for two types (Ugt2b5, Ugt8, and Kat2) and the corticosteroid bind-
ing globulin.of differential expression patterns in the hypothalamus,
liver, and kidney: (I) expression that occurs in both males Together, these results indicate an abundance of
genes differentially expressed by sex in the kidney andand females but is significantly higher in one sex relative
to the other, and (II) expression detected only in one many cytochrome p450s are preferentially expressed in
the male kidney.sex and not the other.
To identify Type I signatures, we used Analysis of Six genes exhibiting sex-specific expression are likely
to be involved in osmotic regulation of the kidney. TheVariance (ANOVA) to determine genes that are differen-
tially expressed with 99.9% confidence (p 0.001). This prolactin receptor precursor (Prlr) is primarily known for
its role in mammary tissue development (Bole-Feysot etanalysis was only applied to probes considered to have
significant hybridization signals using the MAS5.0 algo- al., 1998). However, Prlr also has a clear role in osmotic
regulation in lower vertebrates (Brown et al., 1986;rithm. We further required a minimum of a 3-fold differen-
tial expression between sexes. A probe was considered Ogawa et al., 1973) and thus may also be involved in
mammalian osmo-regulation (Bole-Feysot et al., 1998).to have a Type II pattern if the genes had significant
hybridization in five of six samples for one sex and insig- We observed a 5-fold enrichment of Prlr expression in
the female kidney, indicating this gene may have a sex-nificant hybridization in all or all but one probe for the
other sex. A total of 20 and 19 unique genes and ESTs specific role in osmo-regulation. We also found that the
Rat hypertension homolog (SaH) is expressed 10-folddemonstrated Type I and Type II sex-specific expres-
sion, respectively (Figures 2, 4, and 5). Five genes exhib- more in the male kidney compared to the female kidney.
Sah has been previously been linked to hypertensionited sex-specific expressed in all tissues and 27 genes,
six genes, and one gene were differentially expressed susceptibility in rats (Iwai et al., 1992). Three uncharac-
terized organic anion transporters, Slc21a1, Slc7a12,uniquely in the kidney, liver, and hypothalamus, respec-
tively. and mOATL-6, were all found to have male (Slc21a1 and
Slc7a12)- and female (mOATL-6)-specific expression,To independently verify the sex-specific expression,
14 genes (33% of total) that exhibited differential expres- respectively. Slc21a1 is encoded on the X chromosome,
Slc7a12 is similar to Slc21a1, and mOATL-6 is a pre-sion in the kidney or liver were randomly selected and
subjected to absolute-quantification real-time PCR us- dicted organic anion solute carrier. Cyp4a12, a drug and
steroid metabolism gene, was preferentially expresseding the relevant RNAs. Each of the 14 exhibited strong
sex-specific expression identical or similar to that ob- in both the male kidney and liver. Cyp4a12 is known to
metabolize arachidonic acid into hydroxyeicosatetrae-served for in the microarray data (Figures 2B, 4B, 5B).
The actual quantity differences from these experiments noic acids (HETEs), which affects smooth muscle tone
and ultimately blood pressure. The expression patternare listed in Supplemental Table S1. Thus, we conclude
that our microarray data are highly accurate and repre- of Cyp4a12 suggests production of HETEs may be regu-
lated in a sex-specific fashion.sentative of normal adult female and male physiology.
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Figure 1. Hierarchical Clustering of Microar-
ray Data
(A) Each gene is represented by 48 individual
hybridization measurements or probe intensi-
ties across the five tissues. The probe intensi-
ties were normalized within a chip to the me-
dian intensity of all probes on that array
(intrachip normalization). The median value of
the 48 normalized probe intensities (i.e., the
global median) thus serves as a reference to
compare the expression of each gene across
experiments (interchip comparisons). Probe
intensities above and below the global me-
dian are denoted by shades of red or blue,
respectively; those at the global median are
colored yellow.
(B) As expected, expression profiles from
a given tissue clustered tightly together,
whereas expression profiles across different
tissues exhibited wider variation. Genes dem-
onstrating tissue-specific expression were
representative of the normal physiology of the
tissue in which they are expressed, thus con-
firming the biological accuracy of our data.
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Figure 2. Extensive Sex-Specific Expression
in the Kidney
(A) Twenty-seven genes were differentially
expressed by sex in the kidney. One-quarter,
seven, of these genes are drug and steroid
metabolism genes. The rest are mainly com-
prised of osmo-regulation genes or genes
with yet unresolved cellular roles. Shades of
blue represent the degree to which expres-
sion in the male is lower than the female me-
dian expression level (female-specific ex-
pression). Shades of red indicate the degree
to which expression in the male is above the
female median expression level (male-spe-
cific expression). The brightness of the color
represents the amount of expression. p val-
ues of differential expression between sexes
are also listed.
(B) We independently verified the expression
of seven genes in the kidney using quantita-
tive real-time PCR. Each reaction was per-
formed in triplicate. RT represents the
amount of pooled cDNA amplified in the reac-
tion per cycle. 100% of the randomly selected
genes demonstrated the same sex-specific
expression pattern observed in the microar-
ray data.
A sixth gene implicated in osmotic regulation is the females and hybridized with a probe complementary to
Cbg mRNA. This analysis revealed that Cbg is specifi-corticosteroid binding globulin (Cbg). Cbg is a glucocor-
ticoid binding protein that functions as the major trans- cally expressed in the corticomedullary junctions and
only in females (Figure 3). This female-specific corti-porter of glucocorticoids such as cortisol and progestins
into the bloodstream of most vertebrates (Scrocchi et comedullay expression pattern was observed in three
separate animal preparations. Staining was not ob-al., 1993). Cbg is known to be developmentally impor-
tant, and a familial null deletion is associated with hyper- served when a noncomplementary probe was used (data
not shown). These results indicate that Cbg expressiontension and fatigue (Seralini, 1996; Torpy et al., 2001).
However, Cbg has not been shown previously to have is cell specific and also suggest that Cbg is expressed
exclusively in the female collecting ducts, an importantsex-specific expression; we found that it is expressed
in the female but not the male kidney. site for controlling osmotic pressure in the kidney.
The remaining six genes demonstrating sex-speci-
fic expression in the kidney are largely uncharacter- Molecular Differences between the Female
ized. Gc, Xat, MGC18894, NM_144930, Timd2, and and Male Liver
0610033EO6Rik have all been identified by ESTs and A majority of the six genes with sex-specific expression
cDNA analysis, but the genes have no documented func- in the liver are involved in drug and steroid metabolism
tion. A majority of them are highly expressed in at least (Figure 4). Three are cytochrome p450s: Cyp4a12,
one sex; therefore, we expect them to serve an important Cyp2b13, and Cyp3a16. Cyp4a12 also exhibited male-
biological role in either males or females. specific expression in the kidney. Cyp2b13 is induced by
phenobarbitol and has been documented as a female-
specific testosterone dehydrogenase (Lakso et al.,Cbg mRNA Localizes to the Cortico Medullary
Junction in a Female-Specific Fashion 1991). Cyp3a16 was found to be expressed only in the
female liver, and not in the male. In addition to the cyto-In order to further investigate the female-specific role
of Cbg in the kidney, we determined the localization of chrome p450s, we also found Hsd3b5 to exhibit male-
specific expression in the liver. Wong and Gill (2002)Cbg mRNA in vivo using RNA in situ hybridization (RISH).
Kidney sections were prepared from both males and observed a similar male-specific expression pattern for
Sex-Specific Transcription in Mammals
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Figure 3. Cbg mRNA Localizes to the Proximal Tubules in a Female-Specific Fashion
Cbg mRNA expression was analyzed in vivo using RNA In Situ Hybridization (RISH) using sense and antisense probes to Cbg to female (left)
and male (right) kidney tissue preparations. In corroboration with the microarray data, only the female kidney preparation showed Cbg mRNA
staining. Also, the staining suggests that Cbg is specifically expressed in the corticomedullary junction, a site important for osmotic regulation.
Together, these results suggest that Cbg may be playing a sex-specific role osmotic regulation.
this gene in C57BL/6 mice. Thus, similar to the kidney, for one female sample for which only one hybridization
a large fraction of the genes differentially expressed was carried out. Type I and Type II signatures from the
between sexes in the liver are involved in drug and ste- 23 hybridizations were identified as described. Similar
roid metabolism. to the mouse, very few genes (ten) were found to be
differentially expressed in the human male and female
hypothalamus using our stringent criterion (Figure 5).Sex-Specific Differences
Seven genes on the Y chromosome all had male-specificin the Mouse Hypothalamus
expression. Xist and Tsix were the only two genes withThe hypothalamus exhibited very little sex-specific tran-
female-specific expression in the human hypothalamus.scription (Figure 5). Other than the five sex-specific
In summary, the only genes demonstrating sex-specificgenes expressed in all tissues, only one additional gene,
expression in the hypothalamus are either encoded onTSIX, was found to be sex-specific in the hypothalamus.
the Y chromosome or involved in X chromosome inacti-As its name implies, this gene is inversely transcribed
vation. However, these genes do serve as a positiveto Xist and it is expressed only in the female. The low
number of differentially expressed genes in the hypo- control for the microarray approach to survey molecular
thalamus is surprising considering the hypothalamus differences between sexes.
has well-documented sexual dimorphisms, such as the
Sexually Dimorphic Region of the Pre Optic Area of the
hypothalamus (Goldstein et al., 2001). Molecular Differences in the Gonads
We also investigated sex-specific differences in gene
expression among the reproductive tissues. AlthoughSex-Specific Differences
some transcriptional differences between the gonadsin the Human Hypothalamus
have been well studied, a comprehensive analysis ofBecause the number of sex-specific genes identified in
differential expression between the male and femalethe mouse hypothalamus was low, we set out to deter-
gonads has not been reported (reviewed in Merchant-mine if this was the case in humans, which we postulated
Larios and Moreno-Mendoza, 2001).might have different male and female gene expression.
We first determined which genes were differentiallyTo this end, we obtained postmortum hypothalami from
expressed between the ovary and testis using the7 males and 5 females, prepared RNAs from each of
ANOVA stringency (a p value of 0.001) and minimum asample, and hybridized cRNA to human U133 microar-
3-fold expression level difference between sexes de-rays representing 13,624 genes and ESTs. Technical
replicates were performed for each RNA sample, except scribed above. At this threshold, over 4000 genes are
Developmental Cell
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Figure 4. Sex-Specific Expression in the Liver
(A) Six genes were differentially expressed by sex in the liver, a majority of which are drug and steroid metabolism genes. Shades of blue
represent the degree to which expression in the male is below the female median expression level (female-specific expression). Shades of
red indicate the degree to which expression in the male is above the female median expression level (male-specific expression). The brightness
of the color represents the amount of expression. p values of differential expression between sexes are also listed.
(B) We independently verified three genes demonstrating sex-specific expression in the liver quantitative real-time PCR. Each reaction was
performed in triplicate. RT represents the amount of cDNA amplified in the reaction per cycle. 100% of the randomly selected genes
demonstrated the same sex-specific expression pattern observed in the microarray data.
differentially expressed between ovary and testis. In- indicate that there is extensive testis-specific signaling,
but not through the induction of GPCRs.creasing stringency to a p value of less than 1e-6 reveals
882 differentially expressed genes. 534 and 358 had The 358 genes expressed significantly higher in the
ovary are enriched (p 1e-4) for one specific functionalincreased expression in the testis and ovary, respec-
tively (Supplemental Tables S2 and S3, respectively). category: monoxygenases. Monoxygenases are genes
that reduce oxygen and transfer the reactive oxygenWe searched the Gene Ontology Database (GODB)
for gene functions that were enriched in each of the species to other molecules; many of these are members
of the cytochrome p450 family (reviewed in Nelson etreproductive tissues using GOMiner (Zeeberg et al.,
2003). In brief, GoMiner determines which functional al., 1996). Thirty-four, or 10%, of the genes with ovary-
specific expression encode monooxygenases; eight ofterms or groups are enriched or depleted in the differen-
tially expressed genes. It also gives a statistical measure these are cytochrome p450s that are only expressed
in the ovary and not in the testis. Thus, many genes(p value) of confidence that a given functional category
is over- or underrepresented in a differentially expressed expressed preferentially in the ovary are monooxygen-
ases and specifically cytochrome p450s.gene list. We focused on GO terms with a p value less
than 1e-4, the highest confidence level provided by the Last, we searched for genes that have high but similar
expression levels in both the ovary and testis comparedGOMiner program (Supplemental Table S4).
GOMiner analysis revealed three interesting functional to all the other tissues (i.e., gonad-specific expression).
Using a one-way ANOVA (Experimental Procedures), weclassifications enriched in the 534 genes demonstrating
testis-specific expression. First, pol II transcription ma- found only 16 genes that demonstrate increased expres-
sion in both the male and female gonads compared tochinery genes were enriched in the testis-specific list,
consistent with the transcriptional demand of active ga- the somatic tissues (Supplemental Table S5). Of particu-
lar interest is Foxj1, a forkhead transcription factor ex-metogenesis in the testis. Second, we observed a pau-
city of gene expression for immune response genes. Of pressed in endothelial tissues. We speculate that Foxj1
transcribes gonad-specific genes.the 677 immune response genes, only two were differen-
tially expressed. Chance predicts 25 based on the num-
ber of these genes in the genome. Finally, 42 signal Discussion
transduction genes showed a significantly higher level
of expression in the testis. However, only one of the 332 In this manuscript, we have investigated the molecular
differences between females and males by surveyinggenes with G protein-coupled receptor (GPCR) activity
was differentially expressed in the testis. These results the expression of 13,977 genes across different tissues
Sex-Specific Transcription in Mammals
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Figure 5. Sex-Specific Expression in the
Mouse and Human Hypothalamus
(A) Few genes exhibited sex-specific expres-
sion in the hypothalamus of mice and hu-
mans. All genes demonstrating sex-specific
expression in the mouse and human hypo-
thalamus were either encoded on the Y chro-
mosome or involved in X chromosome inacti-
vation. Shades of blue represent the degree
to which expression in the male is below the
female median expression level (female-spe-
cific expression). Shades of red indicate the
degree to which expression in the male is
above the female median expression level
(male-specific expression). *TSIX met our
stringent criterion in the hypothalamus and
ovaries but was slightly under our criterion in
the liver and kidney.
(B) We independently verified four genes
demonstrating sex-specific expression in hu-
man hypothalamus using quantitative real-
time PCR. Each reaction was performed in
triplicate. RT represents the amount of
cDNA amplified in the reaction per cycle.
100% of the randomly selected genes dem-
onstrated the same sex-specific expression
pattern observed in the microarray data.
and sexes. Our findings demonstrate that there are sig- for their active role in the liver where they metabolize
drugs and other xenometabolites. Several examples ofnificant gene expression differences between sexes not
only in the reproductive tissue but also in the adult kid- sex-specific expression of cytochrome p450s have been
documented in the liver in response to pollutants orney and liver. Genes preferentially expressed by sex
are mainly involved in drug and steroid metabolism or external stimuli, many of which were confirmed in this
study as differentially expressed in healthy animals (An-osmotic regulation in the kidney. In contrast, there are
very few molecular differences between the female and derson, 2002). In addition, we identified sex-specific ex-
pression of several new cytochrome p450s, includingmale hypothalamus of both mice and humans.
We presume that if a gene is differentially expressed two uncharacterized members, Cyp2j13 and Cyp3a16.
Importantly, our results further demonstrate that therein one sex over an average of three independent dissec-
tions, spread across several months, of ten mice each, is extensive sex-specific expression of cytochrome
p450s in the kidney, a phenomenon typically thought tothese transcriptional features are highly stable and thus
important to the cellular physiology of the respective occur in the liver. In total, our study has revealed 15
(17%) of the annotated cytochrome p450s vary in ex-sex in which they are preferentially expressed. Indeed,
a total of 39 genes were greater than 3-fold differentially pression between sexes, not only in the liver, but also
in the ovary, testis, and kidney. Since cytochrome p450s,expressed by sex in the kidney, liver, and hypothalamus.
The most extensive sex-specific expression, 27 genes, especially those in the liver and kidney, have crucial
roles in drug metabolism, these results have importantwas observed in the kidney; however, six other genes are
differentially expressed in the liver and five genes are implications in how males and females differentially me-
tabolize and respond to drug treatments.differentially expressed by sex in all tissues consistent
with other studies and the nature of their function. To- A large fraction of sex-specific expression is derived
from genes that potentially regulate the osmotic stategether, these results indicate that there is extensive sex-
specific expression in the somatic tissues and predomi- of the kidney. Cbg is of particular interest since it has
a well-documented role in osmotic regulation and wasnantly in the kidney.
Over one-third, 12, of the 33 genes differentially ex- expressed in the female kidney but not the male kidney.
Cbg binds corticosteroids such as cortisol and aldoste-pressed by sex in the kidney and liver are involved in
drug and steroid metabolism. A majority of these, seven, rone, which are known to play an important role in so-
dium and potassium homeostasis. We found that Cbgencode cytochrome p450s. These genes are well known
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is expressed specifically in the collecting ducts in the the largest amount of sex-specific expression. This is
corticomedullary junction of the female kidney (Figure largely expected, since these tissues are sexually dimor-
3). These cells play an important role in sodium reab- phic. However, several interesting patterns in the types
sorbtion, which affects the osmotic state of the kidney of genes that are differentially expresses were apparent.
and ultimately impacts blood pressure. Specifically, in For example, the testis was immunosuppressed on a
the principal cells of the collecting ducts, aldosterone transcriptional level and the ovary was enriched for
binds the aldosterone receptor and allows more sodium genes that are involved in drug and steroid metabolism.
reabsorption. Interestingly, another corticosteroid, cor- In contrast to the large transcriptional differences be-
tisol, can also bind the aldosterone receptor. Thus, it is tween the gonads, we found 16 genes with high and
possible that Cbg lowers the intracellular concentration similar expression in both gonads compared to all other
of cortisol in the collecting ducts to dampen crossreac- somatic tissues. Of particular note is the forkhead tran-
tivity with the aldosterone receptor. Consistent with a scription factor Foxj1. Although this gene is primarily
role for Cbg in salt metabolism, a recent study of a expressed in ciliated cells, we observed Foxj1-enriched
familial null deletion of Cbg in humans was shown to expression in the brain as well as the reproductive tis-
be associated with hypertension (Torpy et al., 2001). Our sues. Brain and reproductive tissues also have similari-
observation that Cbg is expressed specifically in these ties in molecular signaling mechanisms (i.e., growth fac-
cells and in a female-specific fashion suggests it could tors and hormones) (Marchetti et al., 1996). Thus, these
have an important role in osmotic regulation of the kid- shared signaling molecules may elicit similar changes in
ney and thereby affect hypertension in females. gene expression and potentially are regulated by Foxj1.
In addition to Cbg, we observed sex-specific expres- In this study, we were limited to using whole tissues
sion in five other genes that may differentially affect the from each sex, and we were also limited to one develop-
osmotic state of the kidney. Prlr has been shown to be mental time point. Currently, we are investigating the
a key regulator of osmotic balance in lower vertebrates molecular differences between sexes at multiple devel-
and potentially could be involved in osmoregulation in opmental stages (e.g., puberty) as well as the molecular
the mammalian kidney. Moreover, Prlr could regulate differences in subpopulations of cells within a tissue.
the osmotic environment in a sex-specific manner as In summary, this study presents a comprehensive
its expression pattern suggests. Another gene strongly analysis of tissue- and sex-specific expression patterns
implicated in osmoregulation is Sah, which is expressed in the five healthy mammalian tissues. Our results show
in mice that are susceptible to hypertension (Iwai et that there is extensive sex-specific expression in not
al., 1992). We also observed sex-specific expression in only the reproductive tissues, but also in the somatic
three solute carriers that could alter the osmotic environ- tissues. Moreover, these transcriptional differences are
ment by transporting organic ions. Together, the differ- observed well after puberty, indicating they are impor-
ential expression of these genes may explain molecular tant to the routine physiological differences between
differences in the osmotic states between male and mature males and females.
female kidney cells. Furthermore, these molecular differ-
ences may help explain recent reports of sex-specific
Experimental Procedurespropensities to hypertension (Port et al., 2000).
Six genes with yet unresolved cellular functions also
RNA Sample Preparation and Microarray Hybridizationdemonstrate sex-specific expression. Considering more
For mouse liver, kidney, ovary, and testis, triple-selected poly Athan half of the genes exhibiting sex-specific expression
mRNA was purchased from Ambion (Ambion, TX). For human and
involved in drug and osmoregulation it is likely that many mouse hypothalamus, total RNA was purchased from the same
of these genes will also function in these processes. vendor. All RNA samples had a ratio of 28S ribosomal RNA/16S
Since these genes are highly and differentially ex- ribosomal RNA greater than 1, indicating that significant degradation
had not occurred. Each RNA sample was further treated with DNasepressed it is likely that they have important cellular roles
using the “Poly-A pure kit” from Ambion. Affymetrix arrays wereand also contribute to sex-specific physiologies in their
hybridized according to Affymetrix protocols. Details can be foundrespective tissues.
at http://keck.med.yale.edu/affymetrix/protocols/.Both the human and mouse hypothalamus have very
few sex-specific genes. We found six and ten genes to
be sex-specific in the mouse and human hypothalamus, Analysis of Microarray Data
respectively. In addition, all of these genes are either Data were extracted from the Affymetrix Mouse MOE430A microar-
rays using MAS 5.0. As suggested by Affymetrix, spots with associ-on the Y chromosome or involved in X chromosome
ated p values greater than 0.05 are considered to have insignificantinactivation. Recently, Galfalvly et al. published a paper
hybridization and are flagged as lacking signal; those with p valuesdescribing a strategy similar to ours, but in a different
less than 0.05 are flagged present as exhibiting significant expres-
region (Brodman areas 9 and 47) of the human brain sion. In order to test the reproducibility of these data, linear regres-
(Galfalvy et al., 2003). The sex-specific genes identified sion was performed between biological and technical replicates for a
in these two studies are in strong agreement. Seven of given tissue and gender. Linear regression was performed between
the genes we determined to be sex specific were also pairs of slides using Affymetrix IDs common to both microarrays.
Each individual slide was normalized to its respective median inten-present in their list of nine genes. Thus, two independent
sity. The linear regression was again performed between slides onstudies found very few genes to be differentially ex-
the normalized data yielding near-identical regression coefficientspressed by sex in the human adult brain. In conclusion,
(0.96–0.99) to the unnormalized data. The normalized data are used
the sexual differences in the adult hypothalumus are in all the following analyses. We also chose to treat both biological
mediated by a small number of genes, are transient, or and technical replicates as independent data measurements since
occur predominantly at the protein level. technical and biological replicates had similar consistency. All the
microarray data can be found at NCBI GEO (accession numbers:The male and female reproductive tissues exhibited
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GSE1147, GSE1148) and EBI-EMBL ArrayExpress (accession num- the mouse samples using a relative Critical threshold (Ct) compari-
son. A average Ct was calculated for the triplicate reactions andbers: ) and are included in the Supplemental Data for this paper at
http://www.developmentalcell.com/cgi/content/full/6/6/791/DC1. normalized to Gapdh (Ct  X – Gapdh {X  Ct for a given sex and
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